• A new low-cost and efficient cationic biosorbent for phosphate is presented • Phosphate biosorption process is essentially exothermic and spontaneous • The anion exchange mechanism is the dominant biosorption process • Freundlich isotherm describes favorable multilayer phosphate biosorption • Biosorbent can be easily separated, recycled, and reused multiple times
In order to preserve the environment and prevent the occurrence of eutrophication, a new quaternary ammonium biosorbent based on the bottle gourd (Lagenaria vulgaris) shell (QALVS) was prepared and characterized in the present study. The results of FTIR and elemental analyses confirmed the successful modification of the lignocellulosic biomass and showed that 15.68 mg N g -1 was incorporated as cationic -N + R 3 group. The biosorbent was tested to remove phosphate from aqueous solution in batch mode. Kinetic studies indicated that the biosorption of phosphate onto QALVS can be fitted by a non-linear pseudo n th -order model (n ≈ 1) very well. The Freundlich model provided the best description of the biosorption process. The maximum phosphate biosorption capacity was 16 .69 mg P g -1 for QALVS at 20 °C and pH 6. Thermodynamic parameters indicate that the biosorption of phosphate by QALVS is exothermic. The anion exchange mechanism was the dominant process, in addition to physisorption. Coexisting ions exhibited a distinct effect on phosphate biosorption with the order of NO 3 -> SO 4 2-> Cl -. The QALVS biosorbent could be repeatedly used in phosphate biosorption with slight losses in initial biosorption capacities.
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Agro-industrial and municipal wastewaters are hazardous to human health and the environment because they release large amount of phosphorus into natural waters (from 4 to 15 mg P dm -3 as phosphate). Excessive phosphate in water is one of the main factors leading to the eutrophication and deterioration of water quality [1] . Leaching of phosphate into the ground water affects the drinking water quality leading to potential risk to human health and animals [2] . That is why the discharge of industrial and municipal wastewater rich in phosphate into natural watercourses is regulated by numerous legislation. In order to solve water quality problems, state environmental agencies have demanded from a wastewater treatment plant to achieve a very low level of total phosphorus in effluents (< 0.05 mg dm -3 ) in order to prevent eutrophication [1] . This has led to the development of many treatment methods that can improve the removal and recovery of phosphate from various effluents prior to discharge into natural waters.
A number of studies have been reported using physical, chemical, biological, or combined processes for the removal of phosphate from wastewater [1] [2] [3] [4] . According to current practice, various advanced techniques have been developed and successfully applied for reducing phosphorus to low concentrations, such as: tertiary membrane filtration (to 0.04 mg dm -3 ), chemical precipitation (0.005-0.04 mg dm -3 ), biological treatment (0.02-0.1 mg dm -3 ), reverse osmosis (0.008 mg dm -3 ), electrodialysis (< 0.005 mg dm -3 ), etc. [5] . However, these techniques are characterized by many weaknesses, such as: high capital investment, specific conditions and their very strict control, potentially new and poisonous water pollutants, inability to recycle phosphorous, disposal of the generated phosphate sludge, and waste management costs [4] . Therefore, these methods are not sustainable [5] .
Over the past decade, considerable attention has been paid to the economic and ecological issues of adsorptive removal of phosphate, using conventional (activated carbon) and low-cost adsorbents (fly ash, sludge, oxide tailings) [5] . However, the adsorption method has inherent application limitations, which are described in Text S-1, Supporting Information (available from the author upon request). On the other hand, biosorption of phosphate onto low-cost and easily available plant materials in wastewater treatment has attracted great interest [5] . Biosorption has become a promising technique due to high efficiency, simplicity, and safety during application, as well as the availability of various natural materials without harmful environmental impact. In addition, nutrients loaded products can be further used as fertilizers for agricultural production [6] .
Further development of biosorption method has been focused on the research of biosorbent prepared from agricultural residue or waste. Therefore, most of the researchers look for locally available agricultural by-products as they offer efficient, viable and costeffective solutions. Agricultural by-products benefits are presented in Text S-2, Supporting Information. However, available plant waste has very low biosorption capacity for anions and shows an extremely poor affinity to phosphorous. The natural by-products can efficiently remove metal ions (or other cationic species) from wastewater due to the presence of various functional groups in the biomass [7] . The biosorption capacity of lignocellulosic materials for anions can be increased by some surface modifications [5] . Chemical modification is a newer technique that implies the functionalization of surface groups on the solid with or without carbonization. The newly developed functional groups may provide new sites for biosorption of phosphate from aqueous solutions. For removal of anions, lignocellulosic materials have been cationized through hybridizing with inorganic chemicals as well as grafting with ammonium-type reagents [5] .
In the past, numerous attempts have been made in finding inexpensive and effective anion exchangers produced from agricultural by-products. Studies showed that many materials, such as rice husk [2] , sugarcane bagasse [8, 9] , wheat straw [10] , etc., could be modified into anion exchangers and utilized to remove phosphate, as well as other anionic species from the aqueous solution [11, 12] . The agricultural by-product represents a potential alternative as an anion exchanger because of its particular properties (high surface area, porosity, thermal resistance, chemical stability) and high reactivity, resulting from the presence of reactive hydroxyl groups in polymer chains. One of these materials can be the bottle gourd (Lagenaria vulgaris) shell (LVS), described in Text S-3, Supporting Information. The dried fruit shell, as a biocompatible natural material of hard and porous structure, is an exceptionally valuable agricultural residue for making potentially attractive biosorbents of different functionalities. This is due to the large amount of easily available hydroxyl groups existing in the cellulose, hemicelluloses, and lignin, which can easily make a series of chemical reactions, such as condensation, etherification and copolymerization [13, 14] . The use of LVS as an efficient and inexpensive alternative biosorbent in natural and activated forms (activated carbon) for the removal of some toxic metal ions from wastewater (Pb ) [7, 15, 16] , and other cationic pollutants, such as dyes [17] or pharmaceuticals [18] , was examined. According to the literature, LVS has not been studied as biosorbent for removal of anionic pollutants from aqueous solutions.
The present study illustrates the preparation of a cationic biosorbent from LVS. The biosorbent system for anions, containing trimethylammonium-hydroxypropyl groups (QALVS), was obtained through the chemical reactions of the lignocellulosic LVS biomass with epichlorohydrin and trimethylamine. The importance of using these agents is described in Text S-4, Supporting Information. The synthesis success of the quaternary ammonium product with anion exchange property was confirmed using physicochemical and spectroscopic methods. Our main objective is to study the biosorption potential and efficiency of QALVS for phosphate removal from aqueous solution in batch conditions. Bearing in mind that successful phosphate biosorption requires a better understanding of the mechanism, the main emphasis in this paper is dev-oted to the analysis of the nature of biosorption, thermodynamic parameters, equilibrium and biosorption kinetics. The analyzed data, together with the known effect of coexisting ions on phosphate biosorption and the possibility of regeneration and reuse of biosorbent, can provide valuable information for the design and operation of wastewater treatment plants. This represents a great practical value for the technological applications of phosphate removal from aqueous solutions by QALVS as a potential anion exchanger.
MATERIALS AND METHODS

Reagents and materials
All reagents used in this study (epichlorohydrin, trimethylamine, dimethylformamide and pyridine) were of analytical grade (Sigma-Aldrich Chemie GmbH). The solutions for modification and synthesis processes, as well as to rinse the obtained products, were prepared with deionized water (18 MΩ Mature fruit L. vulgaris from the southern part of Serbia (near Leskovac), grown at an altitude of around 250 m, was used as the initial lignocellulosic material in this experiment. The naturally dried shell of L. vulgaris was manually cleaned and crushed into small pieces of 1 to 2 cm. The raw material was soaked and washed with deionized water to remove dust and soluble impurities. The washed material was dried in an oven for 24 h at 60 °C, milled in a crusher mill (Waring 8010 ES, Germany) and sieved (Oct-Digital 4527) to separate the sizes between 400 and 800 μm.
Characterization methods
The constituents and physical properties of LVS were determined according to the standard AOAC procedures [19] . Elemental analysis (CHNS/O) of unmodified LVS and QALVS biosorbent was performed using an Elemental Analyzer (Vario EL III CHNS/O systeme GmbH). The infrared spectra of investigated samples were recorded by a FTIR spectroscope (BOMEM MB-100, Hartmann & Braun, Canada), in the range of 4000-400 cm -1 , with 8 scans at resolution of 2 cm -1 . Win Bomem Easy software was used to analyze the obtained FTIR spectra.
Biosorbent synthesis
The dried and milled LVS (10 g) was suspended in dimethylformamide (60 cm 3 ) at room temperature (23 °C) . After the adjustment of pH value at 10 using NaOH solution (5 M), the mixture was stirred for 30 min at 80 °C in a three-neck round bottom flask (250 cm 3 ). Afterwards, in the flask was added epichlorohydrin (50 cm 3 ) and the reaction was carried out at 80 °C for 2 h. The reaction product was washed with an aqua diluted ethanol (1:1) at 40 °C. Quaternary ammonium groups were then introduced into the epoxypropyl by-product after reaction with trimethylamine (50 cm 3 ) in the presence of pyridine (20 cm 3 ) as a catalyst. This synthesis was performed in a threenecked flask at 80 °C for 4 h. The product was washed with ethanol solution (50%), followed by NaOH (0.1 M) and HCl (0.1 M) to remove the residual chemicals. Finally, the product was washed with deionized water at 40 °C and vacuum dried at 40 °C for 2 h. The resulting QALVS product was then used in all the biosorption experiments.
Biosorption experiments
Phosphate biosorption experiments were conducted in batch mode (pH 6, 60 min, 150 rpm), using 50 cm 3 of the phosphate working solution (5, 25, 50, or 100 mg P dm -3 ), which were optimized by preliminary testing. The solution was stirred at 150 rpm (using a magnetic stirrer) in order to ensure a good mixing without vortex effect. Heating was done using a water bath set to the desired temperature (20, 30, 40 and 50, ±1 °C). The defined dose of QALVS biosorbent (2 g dm -3 ) was added to the working solution. Aliquots of the working solutions (3 cm 3 ) were withdrawn at appropriate time intervals (up to 60 min), followed by filtering through a 0.45 μm microfiltration membrane (Agilent Technologies, Germany), diluted in 4% HNO 3 and preserved with CCl 4 to measurement. Filtrates were analyzed for residual phosphate concentration (expressed over phosphorus), axially at 213.618 nm using an inductively coupled plasma-optical emission spectrometer (ICP-OES, Spectro ARCOS FHE12, Germany), according to the manufacturer's instructions. The equilibrium phosphate concentration was calculated as follows:
where Q e (mg P g 
Data presentation and statistical analysis
Biosorption phosphate tests were replicated three times and only mean values are presented. The kinetics and equilibrium model parameters were evaluated by linear and non-linear regression (Levenberg-Marquardt method) using OriginPro 8.0 software (OriginLab Corporation, USA). Significant levels were set at α = 0.05. Statistical analysis was processed using the following parameters: determination coefficient (R 2 ), standard deviation (SD), probability for a given statistical model (p-value), sum of the squares of the errors (SSR), average relative error (ARE in %), and chi-squared distribution (χ 2 ). The best matching of the applied models was verified using the lowest values of the statistical parameters (except R 2 ).
RESULTS AND DISCUSSION
Compositional and elemental analysis
The initial LVS material was subjected to examination of physical (density and bulk weight), proximate (moisture, volatile matter and ash), and biochemical properties (cellulose, hemicelluloses, lignin, protein). All values are means of triplicate determinations and expressed in percentage (%) based on dry matter (Table 1) . Lignin is most represented component in the LVS biomass. A high proportion of holocellulose in raw material suggests the more hydroxyl groups available in the epichlorohydrin-ammonium reaction. The protein content is extremely low, while the volatile matters were not detected considering that the LVS fruit is naturally dried. Also, the plant material was generally low in ash. The biomass is characterized by lower moisture content and bulk density. The obtained results are in accordance with the properties of other agricultural residues from the genus Lagenaria [7] .
Elemental analysis (CHNS/O) was performed to assess functional groups in the biosorbent during the modification process (Table 1) . Based on that, the amount of nitrogen added (N add , mmol N g -1 ) the reaction efficiency (RE, %) and the degree of substitution (DS) of QALVS were determined by the following equations [18] The H/C ratio was 0.13% in LVS, as well as in QALVS. The presence of sulfur has not been identified. Attachment of trimethylamine was evaluated by increasing the nitrogen content. It was calculated (Eq. (2)) that 15.68 mg N g -1 was incorporated onto LVS surface as cationic -N + R 3 group, indicating a theoretical exchange capacity of 1.12 mEq g -1 . It is clear that the reaction between the LVS and the quaternizing reagent was not particularly efficient. This is supported by a small value of the substitution degree, indicating that the substitution takes place on each fifth glucopyranose unit in the cellulose chain. Hence it can be assumed that the amount of quaternizing reagent was not the limiting factor of the reaction efficiency. In this regard, barriers to reactivity with the reactant could include bulk density, which can be a function of biomass composition [11] . 
Spectroscopic analysis
The FTIR structural characterization of both raw LVS and QALVS biosorbent aims to confirm the successful modification of the biomass to a functional biosorbent by the quaternization process ( Figure 1 ). As shown in Figure 1a , the spectrum displays a number of absorption bands, indicating the complex nature of LVS. It is clear that LVS contains functional groups that are characteristic for cellulose (900-1300 cm -1 ) and lignin (1200-1750 cm -1 ) [20] . ) groups in QALVS were observed. Obviously, the breakdown of the glycosidic structure of hemicellulose occurs during the LVS modification to QALVS, and the -OH groups of cellulose are involved in the reaction with epichlorohydrin. The decrease in band intensity typical for -OH groups may be due to the reaction of glucopyranose units with epichlorohydrin [21] . In addition, it has been observed that there is even a diminishing of bands at 1601 cm -1 (originates from C=C, which is simultane- ously moving to 1594 cm -1 ) and shifting of bands at 1371 cm -1 (originates from the O-H phenolic group) and at 1475 cm -1 (originates from -OCH 3 ) in the case of lignin groups as compared with LVS. These observations indicate a partial destruction of the lignin during the modification [22] . From the other side, it is characteristic that the IR band at about 1260 cm -1 (originates from the C-OH groups) doubled to two bands (at 1266 and 1227 cm -1 ), indicating the appearance of -OH groups of different origins, probably from cellulose and attached epichlorohydrin, with respect to those in LVS. A similar phenomenon was also observed with the band at 1036 cm -1 (doubling to the two bands at 1066 and 1029 cm -1 ) which confirms the previous assumption. Most importantly, the FTIR spectrum of QALVS (Figure 1b) shows the emergence of a new weak band at 1490 cm -1 , corresponding to the C-H bending vibration from quaternary -N + -(CH 3 ) 3 groups [20] . These observations clearly indicate the incorporation of a cationic -N + R 4 group onto the biosorbent surface [10] .
Biosorption kinetics
Kinetics of a biosorption process is important in water treatment because it offers valuable information on the reaction pathways, the rate constant and the control mechanism of the biosorption process [23, 24] . In order to demonstrate the phosphate biosorption process, a kinetic investigation was conducted using the linear (pseudo first-order, pseudo second-order and intra-particle diffusion) and non-linear (pseudo nth-order) kinetic models [25] [26] [27] [28] . The experimental values of the phosphate biosorption onto QALVS obtained under optimum conditions (20 °C, pH 6, agitation speed of 150 rpm for 60 min, and initial phosphate concentration in the range of 5-100 mg P dm -3 ) were analyzed by selected kinetic models. The results, illustrated in Figure 2 , indicate that pseudo first-order and intra-particle diffusion models can only describe the biosorption process before reaching equilibrium (0-20 min), while pseudo n th -order and pseudo second-order models can be applied for the entire biosorption process.
The corresponding kinetic parameters for all applied models are shown in Table 2 . The determination coefficient values of pseudo nth-order model for phosphate biosorption are satisfactory (R 2 > 0.998) and the best compared to those of other applied models, as shown in Table 2 . In addition, theoretic- For clarifying the phosphate biosorption mechanism and determining factors that affect the rate of the process, the experimental values are fitted with the Weber model of intra-particle diffusion ( Figure  2d) . According to the model [28] , there should be linear dependence between Q t and t 1/2 and that the plot starts from the origin. In this case, the rate of the process should be limited only by intra-particle diffusion. Any deviation from this model suggests that another mechanism is involved. Besides, the C id value in the intra-particle diffusion equation (Table 2) , which is estimated from the linear plot (based on the intercept), represents the thickness of the boundary layer. Accordingly, the larger intercept indicates a greater effect of the boundary layer [28] . As shown in Figure 2d , it is obvious that linear dependence does not start from the origin (C id ≠ 0), which is probably the result of a different rate of mass transfer in the initial and final period of the biosorption process [29] .
This fact indicates that the intra-particle diffusion is not the only rate limiting mechanism in the biosorption process. Likewise, the small values of C id parameters, which are very close to zero and which are reduced with an increase in the initial phosphate concentration ( Table 2 ), suggest that the boundary layer effect at phosphate biosorption is smaller. Therefore, other kinetic processes probably occur simultaneously and contribute to the biosorption mechanism, such as ion exchange and physical sorption on the biosorbent surface area [10] .
Thermodynamic studies
The effect of temperature on the biosorption process was analyzed as a function of the contact time of the phosphate with QALVS biosorbent. Experiments 1-n ); n is the reaction order; k id (mg g -1 min -0.5 ) is the intra-particle diffusion rate constant; C id is the thickness of the boundary layer; R p is the particle radius and D is intra-particle diffusivity Intra-particle diffusion [26] = + 0.5 , under optimal conditions (pH 6, agitation speed of 150 rpm for 60 min). Maximum phosphate removal of 79.16% was achieved at 20 °C for 30 min of contact time. The biosorption of phosphate onto QALVS shows a decrease in amount of biosorption (from 9.89 to 4.88 mg P g -1 ) when increasing the temperature (from 20 to 50 °C). The observed decrease in the biosorption capacity with an increase of the temperature indicates that lower temperatures favor the removal of phosphate by QALVS. On the other hand, phosphate desorption from the solid surface occurs due to the increase in temperature of the solution [28] . These observations point to the exothermic nature of the biosorption, as described further. A similar effect was reported for the phosphate removal from aqueous solution by chemically modified biomass of sugarcane bagasse [9] , modified wheat residue [10] , agro-waste rice husk ash [2] , etc.
The typical thermodynamic parameters (ΔG 0 , ΔH 0 and ΔS 0 ) were determined from the variations of the thermodynamic distribution coefficient (K d ) with change in temperature to clarify the process of phosphate biosorption [18] . The K d coefficient for the biosorption reaction was determined as quotient (C sorb /C e ), where C sorb is the equilibrium concentration of sorbed phosphate (mg P dm -3 ) and C e is the equilibrium phosphate concentration in the solution (Table  3) 
The values of thermodynamic parameters for phosphate biosorption onto QALVS are presented in Table 3 . The determinate values of ΔH 0 and ΔS 0 for the biosorption were calculated to be -46.38 kJ mol -1 and -0.147 kJ mol -1 K -1 , respectively. The negative value of ΔS 0 shows the stability process with no structural change at solid-liquid interface, and suggests that the system exhibits random behavior [30] . The negative values of ΔH 0 and ΔG 0 confirm that the biosorption is essentially an exothermic and spontaneous one [9] . However, the positive value of ΔG 0 at 50 °C implies that the biosorption is not spontaneous. Thus, the increase in the value of ΔG 0 with increasing temperature (from 20 to 50 °C) shows that the biosorption is less favorable at higher temperature [30] . Besides, it is established that the ΔH 0 value is in the range from -4 to -40 kJ mol -1 for multilayer physisorption, in the range from -40 to -80 kJ mol -1 for ion exchange (electrostatic interactions between the solid charged surface and the ions from the solution), and in the range from -80 to -800 kJ mol -1 (the same order of magnitude as for the average chemical reaction) for monolayer chemisorption [31] . In this case, based on the calculated ΔH 0 value, the ion exchange mechanism for the biosorption is implied to be the main one. ).
Isotherm studies
The two-parameter (Langmuir, Freundlich, Temkin, Dubinin-Radushkevich) and three-parameter (Sips) isotherm models were used to describe the equilibrium between the phosphate biosorbed onto QALVS and in the aqueous solution [32] [33] [34] [35] [36] . The linear and non-linear forms of these isotherm models were used to analyze the equilibrium isotherm data by OriginPro 8.0 software. The fitness of these models was evaluated by the isotherm parameters, as shown in Table 4 Dubinin-Radushkev Linear regression analysis Figure 4 illustrates the isotherm models in the linear forms (Langmuir, Freundlich, Temkin) for the phosphate biosorption onto QALVS under optimal conditions (20 °C, pH 6, agitation speed of 150 rpm for 60 min, and initial phosphate concentration in the range of 5-100 mg dm -3 ). The analysis of the isotherm data is significant to define equations that correctly represent the experimental results and they can be used for design purposes of biosorption. Table 4 shows the fitting parameters for the measured isotherm data for phosphate biosorption onto QALVS on the linear forms. The values of isotherm parameters (R (Table 4 ). This fact suggests that Q cal parameters obtained by the Langmuir and Freundlich isotherm equations in the linear forms are not in accordance with the experimental values.
Non-linear regression analysis
Bearing in mind that the non-linear regression is a better way to get the equilibrium parameters [37] , isotherms for the phosphate biosorption by QALVS were analyzed according to the non-linear form (Langmuir, Freundlich, Temkin, Dubinin-Radushkevich and Sips), using OriginPro 8.0 software. Figure  5 shows the fit of the isotherm models to the experimental data for the biosorption. It can be seen that the isotherms are characterized by a large increase in the Q e values at low phosphate concentrations. The results of non-linear regression obtained by the application of the two-parameter (Langmuir, Freundlich, Temkin and Dubinin-Radushkevich) and three--parameter (Sips) isotherm equations are presented in Table 4 . Among these models, the Freundlich and Sips models were in good agreement with the experimental data (R 2 ≈ 0.990). However, equilibrium Q cal value estimated by the Freundlich model (16.07 mg P g -1 ) corresponded to the experimentally obtained value (16.13 mg P g -1 ) slightly better than one estimated by the Sips model (15.77 mg P g -1 ). Moreover, the average relative error (ARE) and chi-squared distribution (χ 2 ) for the Sips model were slightly higher. The relatively poor determination coefficients (R 2 < < 0.980) and very high levels of error function values (χ 2 , ARE and SSR) observed for the Temkin, Langmuir and Dubinin-Radushkevich models may be attributed to the unequal distribution of the biosorption surface area and active sites in QALVS biosorbent.
The Freundlich model is the most appropriate to describe the biosorption of phosphate onto QALVS as a heterogeneous system. According to this model, phosphate saturation is not predicted [33] . Therefore, the infinite coverage of the solid surface can be predicted only mathematically. In this study, the estimated Freundlich parameters (Table 4 ) reflect heterogeneous surface and a multilayer biosorption on the surface. The values of constants related to biosorption capacity (K F ) and intensity of biosorption (1/n F ) were found to be 6.160 and 0.227 (i.e., < 1). These ), which denotes the biosorption nature, indicated that the biosorption process onto QALVS was favorable.
According to the Sips model, the capacity of biosorption is limited by high sorbate concentrations [36] . Unlike the Langmuir model, to which it is very similar, this model also includes a parameter that relates to a heterogeneous system. Thus, the Sips model reduces to the Langmuir model when the dissociation parameter β S = 1. The higher R 2 value for the three-parameter isotherm suggests the applicability of this model to represent the equilibrium biosorption of phosphate by QALVS (Table 4) . The Sips isotherm model provided the best fit to the experimental biosorption data for phosphate ions, revealing a theoretical maximum biosorption capacity of 36.98 mg P g -1 (from Q max = K S /α S , Table 4 ). It is believed that biosorption capacity obtained from the Sips equation could be more realistic than that from the Langmuir equation.
Desorption, reuse and regeneration tests
Recovery of the biosorbed anions and repeated usability of the biosorbent (as exchanger) is important in terms of the practical application of industrial effluxent treatment [9, 21] . Removal of the biosorbed phosphate ions from the QALVS biosorbent was studied in a batch system (20 °C, 150 rpm and 60 min). The phosphate loaded QALVS (from the phosphate solution of 25 mg P dm -3 at 20 °C) were eluted with 50 cm 3 of 0.1M NaOH solution as optimal [38] . The reaction mixture was then centrifuged at 5000 rpm for 5 min. The concentration of phosphate released into the solution was determined using the ICP-OES method. On the basis of the obtained phosphate content, the ratio of phosphate desorption (D RP , %) was calculated using the following equation and Q b is amount of phosphate biosorbed (mg P g -1 ). In order to show the reusability of the biosorbent (as an anion exchanger), the already exploited QALVS biosorbent was washed with deionized water 4-5 times and treated at pH 2 with HCl (0.1 M) for 60 min. The biosorbent was thoroughly washed with deionized water to eliminate the excess chloride ions. The regenerated biosorbent again suspended in phosphate containing solutions (initial concentration of 25 mg P dm -3 ) for the next biosorption cycle. In order to demonstrate the reusability of the QALVS biosorbent, the biosorption/desorption cycle was repeated five times for QALVS biosorbent. The possibility of phosphate desorption in 0.1 M NaOH solution, as well as the regeneration efficiency of the QALVS biosorbent are shown in Figure 6 . The applied tests showed that about 60% of the biosorbed phosphate ions were desorbed from QALVS after five consecutive biosorption/desorption cycle. The des- orption efficiency level of QALVS was significant to 98.9% for the phosphates tested after the first cycle of ions solution removal. This indicates an almost reversible process, as well as the fact that there is no strong interaction between the biosorbent surface and the biosorbed phosphate ions. However, there was a certain decrease in the biosorption capacity for phosphate after the following cycles of reuse (95.6%), and the second cycle of desorption efficiency level was about 89%. In general, regeneration procedure resulted in 20% reduction of biosorption capacity and about 40% of desorption efficiency after the fifth cycle. It is probably due to a certain physical degradation of the recovered biosorbent [29] , i.e., ascribed to the destruction of cellulose and hemicellulose in biosorbents by using very alkaline (pH 12) and acidic (pH 2) solutions [30] , as well as reducing the number of active sites and accumulating phosphate ions in the biosorbent bulk. Although the biosorption capacity decreased after the fifth cycle, the results showed that QALVS biosorbent could be repeatedly used in phosphate biosorption studies, similar to other biosorbents [21, 38] . On the other hand, this effect was more pronounced than in the case of recycled date-palm wastes as biosorbent, which showed very low desorbability (≈ 10%), indicating that the phosphate species were strongly attached to the sorbent material (a kind of chemisorption) and the sorption process cannot be considered as a completely reversible process for this case [6] . Besides, compared to some anionic resins, the phosphate loaded QALVS biosorbent is less expensive (Table S-1, Supporting Information) and can still be used as fertilizer in agriculture [6, 29] . 
Effect of coexisting anions
Wastewater, as well as natural water, normally contains many other anions, which may compete with phosphate for the active biosorption sites. Because of that, it is necessary to examine the potential interferences of coexisting anions on the biosorption of QALVS towards phosphate. In this investigation, the influences of nitrate, sulfate, and chloride on phosphate biosorption were examined. These results were summarized in Figure S-3 . It is certain that nitrate among these anions caused the greatest decrease of phosphate biosorption, whereby the biosorption capacity of QALVS decreased from 9.88 to 7.86 mg P g -1 (about 20%). It is presumed that nitrate replaces phosphate due to its monovalent nature and potential selectivity onto the QALVS biosorbent. It is clear that QALVS interacts with phosphates (or nitrate and sulfate) mainly through the exchange with the chloride ions at the -NR 4 + Cl -active sites. Therefore, the effect of these anions on phosphate biosorption is due to their affinity towards the biosorbent and it competes effectively with the phosphate biosorption.
Comparison of sorption capacity
By comparing the results obtained in this study, it was found that raw LVS biomass does not show biosorption properties for tested anions (Table S-2, Supporting Information). Regarding the performance of QALVS as biosorbent, it was found that the modification significantly increases the removal efficiency of phosphate. To illustrate the potential in the use of QALVS in actual applications, a comparative evaluation of the sorption capacities of various types of low-cost sorbents for the phosphate is provided in Text S-6, Supporting Information. This comparison clearly indicated that quaternary ammonium biosorbent based on the bottle gourd (Lagenaria vulgaris) shell is an effective biosorbent for phosphate removal from the aqueous solution.
CONCLUSIONS
This study confirmed that a cationic biosorbent can be prepared from a lignocellulosic agricultural by-product such as LVS biomass, and used to remove phosphate from an aqueous solution in order to prevent eutrophication. Successful modification of LVS biomass into functional biosorbent was verified by elemental and FTIR analyses. Thermodynamic parameters confirm that the phosphate biosorption is exothermic and favored process in the range of 20-40 °C. The anion exchange mechanism is the dominant biosorption process. The non-linear pseudo n th -order model (n ≈ 1) showed the best agreement with the experimental data in the concentration range between 5 and 100 mg P dm -3 . A good fit of the Freundlich non-linear equation reflects a heterogeneous biosorbent surface and favorable phosphate biosorption, indicating a multilayer biosorption. The maximum phosphate biosorption capacity was 0.54 mmole P g -1 for QALVS at 20 °C and pH 6. QALVS present comparable or higher biosorption capacity of phosphate when compared with other modified biomasses and conventional sorbents. This biosorbent could be repeatedly used in phosphate biosorption with slight losses in initial biosorption capacities. The exhausted biosorbent contains abundance of valuable nutrients (N, P, K) and can be used in agriculture as a fertilizer. Testovi biosorbcije su pokazali da se uklanjanje fosfata iz rastvora vrši prema mehanizmu jonske izmene, koji je dominantniji u odnosu na fizisorpciju. Koegzistirajući joni u rastvoru su pokazali izrazito dejstvo na biosorpciju fosfata u nizu: NO 3 -> SO 4 2-> Cl -.
Biosorbent se može više puta koristiti nakon regeneracije, uz izvesni gubitak polaznog biosorpcionog kapaciteta. Ova istraživanja sugerišu da se dobijeni katjonski biosorbent može uspešno iskoristiti za prečišćavanje voda u cilju sprečavanja fenomena eutrofifikacije.
Ključne reči: Lagenaria vulgaris, fosfati, biosorpcija, kinetika, ravnoteža, termodinamika.
